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Ostensibly the way to study the effect of nutrition on natural resistance to 
infection is to feed different diets to identical samples of hosts in a controlled 
environment, infect these hosts with a pathogen under controlled conditions 
of dosage, route  of administration, etc.,  and observe  the results.  Yet  the 
whole history of our own investigation into these matters  (1) has driven us 
to the view that, without further definition, studies such as the above will not 
necessarily reveal the sought for dietary effects.  The conditions to be imposed 
upon a laboratory model of host and pathogen so that the effect of their meet- 
ing, disease, will be influenced by diet, is the subject matter of the present 
paper. 
In  a  previous  paper  (I)  it  was  reported  that,  for  the Mus musculus- 
Salmonella enteritidis model, dietary effects on natural resistance could not be 
demonstrated in highly inbred mice selected either for resistance or suscepti- 
bility.  However, dietary effects on natural resistance could be demonstrated 
in mice (W-Swiss)  which were not homozygous but had a  degree of genetic 
variability.  Here is a first indication as to the nature of the host population 
to  be used in an infection model designed for nutritional experimentation: 
1.  The host must be of a heterogeneous genotype. 
In experiments to be reported here it has been found necessary to add a 
second  requirement  to  the  description  of  the  infection  model  designed  to 
reveal the influence of host nutrition.  This requirement involves a  descrip- 
tion  of  the  composition  or  structure  of  the  pathogen  population:  2.  The 
infecting pathogen population must not be a uniform population but must contain 
an array of variation in terms o/virulence. 
Materials and Methods 
Aniraal$.wThe  animal stock used in the following experiments was a  strain of W-Swiss 
mice, the same stock which was used in previous investigations (1).  This stock of mice is 
free from Salmonella infections and its maintenance and management has been continued as 
previously described (1). 
Since July, 1943, we have subjected the stock to a program of breeding which would maintain 
its presumptive genetic heterogeneity and incorporate such further mutations which might 
extend the range of genetic variation.  This has been done by arranging a  systematic and 
simple scheme of cross-breeding within the Swiss colony.  The stock was divided into two 
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sections labeled "odd" and "even,"  and housed  in adjacent boxes.  Each week males and 
females have been set aside from among the weanlings for future breeding, but no more than 
one animal is taken from a given litter.  In this way the future breeders constitute a widely 
based sample of the colony.  "Odd" or "even" males are returned, when of proper age (mini- 
mum age 7 weeks), as breeders, to the same section, "odd" or "even," of their origin.  But 
females are always supplied, as fresh breeders, to the alternate section.  Thus, a female born 
in the "odd" section and saved for breeding, upon reaching proper age (7 weeks) is admitted 
as a fresh breeder only to the "even" section, and vice versa.  There are 25 breeding boxes in 
each section, each box containing one male, to which is added one female per week; these 
animals constitute the breeding stock with a base broad enough so that under the above system 
it is most improbable that closely related individuals will meet to form a breeding pair.  Once 
admitted to one of the breeding sections a female is used for several successive breedings, al- 
ways remaining within that section and ultimately discarded when breeding failure, degenera- 
tive conditions, age, or the appearance of tumors make it uneconomic to continue.  Breeding 
males are subjected to the same screening process each week when fresh females are added to 
the breeding box. 
The Pathogen.--Several  cultures of Salmonella were used as sources for experimental manipu- 
lation of the pathogen population. 
1.  A culture of S.  enter/t/d/s (MT-1) used in our previous investigations (1) and isolated 
originally (2) from a dead mouse during a laboratory epizo0tic of the disease in 1918.  It was 
perpetuated by inoculating nutrient agar stabs With broth cultures of the organism, incubating 
for 24 hours at 37,5  ° C., and then storing in the ice chest at 4 ° C.  Fresh transfers were made 
at approximately monthly intervals. 
2.  A culture of S. enteritidis  (MT-3) isolated by us in pure culture from the spleen of a 
healthy adult female mouse from the Rockefeller Institute stock colony on May  18,  1944. 
So far as can be determined S. enteritidis  was by fortunate circumstance the only demon- 
strable bacterial inhabitant of the spleen of this particular mouse.  This culture has been 
perpetuated en masse and held in nutrient broth agar stabs in the ice chest.  Plated out, the 
culture has shown a preponderance of smooth typical S. ¢nteritidis colonies, with some rough 
colonies (about 25 per cent).  Among the smooth colonies there is a range of variation in the 
opacity to transmitted light.  The total culture exhibits the classical fermentation capacities 
for S. enteritidis, and an antigenic analysis, kindly performed for us by Dr. P. R. Edwards of 
the University of Kentucky, shows that this culture has the typical antigenic structure, as does 
MT-1 above, (IX, XII: g, m...). 
3.  Two cultures of S. typhimurium  (IV, V, XII: i-l, 2~ 3)  were obtained from Dr. G. M. 
Mackenzie of the Mary Imogene Bassett Hospital of Cooperstown, New York.  One culture, 
TMO,  is relatively avirulent for uniformly  susceptible mice and the other, B&, is highly 
virulent.  The origin of these strains has been described by Mackenzie, Fitzgerald, and Pike 
0)-  Although the strains differ widely in virulence, they are both smooth, are indistinguish- 
able in cultural, serologicali immunizing, and toxlgenic characters, and do  not differ signifi- 
cantly in invasiveness and resistance to phagocytosis (Pike and Mackenzie (4)). 
The technique of infection has been modified iv_ the current  investigation.  Formerly the 
suitably diluted broth cultures of Salmonella  had been introduced in a volume of 0.25 ml. into 
the stomach of the mouse by means of a  small silver catheter connected with a  graduated 
syringe by a rubber tube.  This procedure in itself involved a  mortality risk of about I to 2 
per cent.  However,, at times, especially during the months of February and March, large 
numbers of the mice thus infected would die of respiratory disease within 24 to 48 hours after 
the infection procedure and from causes other than Salmonella infection which regularly has an 
incubation period of 5 to 6 days following per os infection.  These episodes resulted in the com- 
plete ruin of several experiments involving several hundred animals.  At times a Pasteurdla 
organism was implicated and at other times a Friedi~nder-like organism appeared to be causa- 
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would be unaffected, but when a series of these early deaths made its appearance, the remainder 
of the mice were invariably attacked after the catheter had been used.  In order to avoid these 
events a change was made in the infection procedure.  It is now performed as follows: 
At 3 p.m. of the day prior to infection the mice are  transferred to the air-conditioned in- 
fection room and placed in individual drawer cages.  (For a  description of the cages used see 
(1).)  Food and water are withheld.  20 hours later, at 11  a.m.  of the following day, each 
mouse is offered the sallne-washed infecting culture in a volume of 0.25 ml. of sterile saline on 
a shallow glazed artist's porcelain palette cup (diameter, 30  ram.; height, 10 ram.).  The mice 
readily lap up this volume, 80 per cent of them in the first 30  minutes, and within 2 hours all 
have done so.  Tests have shown that 95 per cent of the bacterial cells thus supplied are still 
viable after 5 hours.  Those occasional mice which have not consumed the  culture within 3 
hours are discarded from the experiment.  After the cultures have been ingested the appro- 
priate diet and distilled water in individual bottles are supplied and the mice are observed for 
a period of 30 days. 
Endronment.--A]l  of the  experiments  have  been performed in  the  two  air-conditioned 
rooms previously described (1).  These rooms provide a constant temperature of 80 ° ±  0.5 ° F. 
and a  constant relative humidity of 50 4- 3 per cent.  The lighting  (fluorescent) is 12 hours 
per day, 6 a.m. to 6 p.m. 
Dict.--The dietary effect on natural resistance which has been siudied here is the difference 
in survival of W-Swiss mice obtaining in the comparison of a  diet of natural foodstuffs (diet 
100)  and a  "synthetic" diet (diet 191).  Previous investigation has shown (1) a  higher sur- 
vival rate (approximately 25 per cent) in the instance of the natural diet.  The composition 
of these diets is as follows: 
Diet  100--  "Natural  Diet" 
gm. 
Ground whole wheat ...............................................  66 
Dried whole milk ..................................................  33 
NaCI ..................................................  ............  1 
100 
Diet 191--"S)nthelic Diet" 
gm. 
Casein (Labco, vitamin-free) ........................................  18.0 
Glucose (cerelose) ..................................................  72.55 
Salts W-2* ........................................................  4.0 
hCystine ..................................  : .......................  0.2 
Water-soluble vitamins ............................................. 
mg, 
Thiamine hydrochloride .................................  2.5 
Riboflavin .............................................  5.0 
Pyridoxine hydrochloride ................................  2.5 
Ca pantothenate$ .......................................  I0.0 
Niacin .................................................  25.0 
Choline chloride ........................................  I00.0 
Para-aminobenzoic acid ..................................  5.0 
Inositol ................................................  100.0 
0.25 
250.0 
(Continued on  f.~gowin&  #a&c) 
* For composition of salts W-2 ace (1). 
Through  error this constituent was omitted in the initial publication of this diet  (1). 308  HOST  NUTRITION AND NATURAL RESISTANCE TO  IN]FECTION.  II 
Fat-soluble  vitamins,  in cottonseed oil (Wesson)  .........................  5.0 
mz. 
B-carotene  .............................................  O.  72 
Viosterol  (170 l.U.) 
2-Methyl-l, 4-naphthohydroquinone diacetatc  ..............  0.33 
Tocopherol  acetate  ......................................  11.7 
Total  ........................................................  100.0 
Both diets:  Distilled  water ad Hbitum. 
Under the environmental conditions  already described  the mortality  risk  of mice on either 
of  these  diets  is  nil. For  growth  records  of  W-Swiss mice  on  these  two diets,  see (1). 
Statistic~ Mahods.--Since the dietary  difference,  measured in terms of  survival  following 
infection,  isof the order of 25 per cent it  is  necessary to evalutate  the results  statistically  in 
order  to  render  more  certain  that  effects  observed  are  due  to  the  manipulation  under  considera- 
tion,  in this  paper manipulations of  the infecting  population of  bacteria.  For these  purposes 
we have applied uniformly the x  t  test.  In those instances  where a fourfold  table  has been 
applicable  we have applied the correction  of Yates. 
The Circumstances Which Led to Analysis of the Infecting Bacterial Population 
Our  previous  investigations  (1)  had  established that  the  Mus  musculus- 
Salmonella  enteritidis infection model could be influenced by host  nutrition. 
This  demonstration had been  shown  to be a  function  of the host  genotype 
and the operative dietary factor had been shown to be present in whole wheat, 
and absent or negligible in whole dried milk.  A  satisfactory host genotype 
(W-Swiss mice) was at hand which allowed the design of further experiments 
on these dietary factors with the ultimate aim of chemical fractionation of the 
whole wheat to the end of further definition of the active material.  Problems 
of sampling, variance due to dosage, sex of the host, etc., had been brought 
under control.  It was at this stage of our investigations, in some experiments 
designed to define further the nature of the host genotype which could respond 
to nutritional differences, that a  chance happening turned our efforts into new 
channels. 
In January, 1944, upon routine plating of our laboratory culture of S. enteritidis (MT-1) 
it was noted that contamination had occurred.  In addition to the classical smooth colonies 
of S. enteritidis there were seen a few, more opaque, more convex colonies.  This seemed to 
raise merely the problem of "cleaning up the culture," and when this was done it was decided 
to perform a mouse passage, in order to have a "recently isolated" culture to continue the ex- 
periments.  To this  end doses  of 10 million viable broth-grown cells were  given per os  to 
10 W-Swiss mice.  6 days later the first mouse to die was  autopsied and  from the  heart's 
blood a  broth culture was obtained.  This was plated and proved to be pure, smooth S. 
enteritidis.  Several  broth subcultures were  made  from  a  single  classical  colony.  These 
cultures were all shown to be S. ent*ritidis serologically and by fermentation tests.  One of 
these was designated as the new master culture of MT-1 (MT-1-A)  and the nutritional in- 
vestigations were resumed. 
In view of what next transpired it will be necessary to take account of the 
r61e  that had been assigned to  the culture of S.  enteritidis employed in the 
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It has, of course, been recognized for a long time that considerable variation 
exists in the virulence for a given host of various cultures of a pathogen.  Yet 
the causes for these differences in virulence have remained obscure.  Indeed, 
in the instance of Salmonella  infections in mouse populations, Webster and 
Burn (5) found for S. enteritidis that 2 year old cultures, and strains obtained 
both in interepidemic and epidemic periods, showed the same degree of patho- 
genicity.  In  some  further  experiments  Webster  (6)  concluded  that 
the  virulence of S.  enteritidis  is not altered by animal passage  and that the 
virulence of the organisms during preepidemic, epidemic, and interepidemic 
phases  of  the  infection is  relatively constant.  The  impression  was  quite 
strong in our minds, therefore, that the virulence of the MT-1 strain employed 
in our investigations was quite constant.  Indeed there was nothing to indi- 
cate  that  it had varied during the  course  of  our dietary investigations re- 
ported previously (1). 
After  our  laboratory  culture  of  S.  enteritidis  had  been  "cleaned  up" 
as  described,  and  designated MT-1-A,  it  became  important to  determine 
whether the new culture would serve as well as the former culture in demon- 
strating the  superior natural resistance of mice maintained on a  ~'natural" 
diet (diet 100) as compared with a  "synthetic" diet (diet 191). 
On three separate occasions samples of 200 weanling W-Swiss mice, 3 to 4 weeks of age, 
were taken from  the  heterogenetic W-Swiss colony and divided, by litter and sex, into four 
equal groups of 50.  (Each group was divided further into two equal subgroups, A and B.) 
The animals were transferred  to air-conditioned Room 1 and housed in groups of 12 or 13 
in the standard monel metal boxes containing  purified filter paper pulp as bedding.  Half of 
the groups were fed diet 100 ad libilum, the other half diet 191 for a period of 3 weeks.  Dis- 
filled water was furnished to the animals at all times.  At the end of the 3 week period the 
animals were removed to individual cages in air-conditioned Room 2 and food and water 
withheld for 18 hours.  At the time of transfer to Room 2 the mice had the following  average 
body weights: diet  100 males, 23 gm.; females, 20 gin.  Diec 191  males, 20 gin.; females, 
18 gin.  The mice were then allowed to ingest 0.25 ml. of a saline suspension of the 18 hour 
broth  culture  of MT-1-A previously sedimented out of the  broth  by centrifugation  and 
suspended in saline.  The dosage was adjusted by measuring the opacity of the bacterial 
suspensions in a photoelectric densitometer previously calibrated.  Dosage  was accurate to 
within 10 per cent approximately and was further checked by dilution plates poured at the time 
of infection.  Two doses were employed, 10  ~  and 10  T  viable cells per mouse. 
3 hours after the culture had been offered for ingestion the infection period was terminated 
and mice which had not consumed the dose were discarded from the experiment--a procedure 
seldom  necessary,  and  rarely  involving  more  than  1  to  2  per  cent  of  the  animals. 
At the conclusion of the infection period the mice were again supplied with the appropriate 
diet and water and observed for 30 days.  Deaths were recorded daily at 9:00 a.m., and all 
were considered due to S. enteritidis infection since it had been found previously (1) that ani- 
mals dying under these conditions consistently yielded positive cultures of S. enteritidi.~, and 
further, the mortality risk of non-infected mice on either diet 100 or diet 191 during the period 
of experiment was nil.  1  It was thus permissible to record all deaths as specific deaths. 
1  Large numbers of mice have been maintained  in these air-conditioned rooms, on diets 100 
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The results  of these experiments  are recorded in Table I, and summarized 
in  Table  II.  Contrary  to previous  experience  the  experiments  set  forth in 
Table I  did not demonstrate  a  higher natural  resistance  of mice on diet  100 
as compared with  diet  191.  Indeed for a  dose of 100,000 bacteria  the situ- 
TABLE I 
Identival  Survival  of W-Swiss Mice on a  "Natural"  Diet  (Diet  I00)  or a  "Synthetic,"  Die  t 
(Diet I01) 30 Days after Infection  ~vith Culture MT-1-A of S. enteritidis 
rx.I 
peri- 
NO. 
125 
Dose: 100,000  ]  Dose: 10,000,000 
I 
Sex  I  S.b~oup Subgroup  B  Group  tot~  Sub~oup  Sub~oup Group  total 
S/I*  %S~/  S/l  %S  S/I  %S  S/I  %S  S/1%S  S/l  I%$ 
c~  8/12'  67  12/13 92  20/25  80  0/12  04/12  33  4/24  17 
9  7/12 ! 58  6/12  50  13/24  54  7/13  544/12  3311/25~ 44 
Total ....  15/24  63  18/25  72  33/49  67  7/25  288/24  33 15/49  31 
o  ~  10/12  83  10/13  77  20/25  80  0/12  04/13  31  4/25  16 
10/12  83  7/12  58  17/24  71  2/13  150/11  0  2/24  8 
Total ....  20/24  83  17/25  68  37/49  76  2/25  84/24  17  6/49  12 
12~ 
128 
o~ 
9 
Total. 
o  ~ 
q 
Total. 
c~ 
9 
Total... 
0  ~  . 
9 
Total... 
8/1~  80  4/13  31  12/23  52  4/11  362/13  15  6/24  25 
11/14  79  6/12  50  17/26  65  7/14, 503/12  25 10/26  38 
...  19/24  79  10/25  40  29/49  59  11/25'  445/25  2C 16/50 
9/12  75  9/13  69  18/25 72  2/121 17 7/13  54[  9/25  36 
9/13  69  11/12  92  20/25 80  4/131 31 1/12  8[  5/25  20 
...  18/25  72  20/25  80  i38/50 76  6/25! 248/25  32[14/50 $8 
.....  i  7/12  58  9/12  75  16/241 67  5/12  42 1/13  8  6/25  24 
9/13  69  7/12  58  16/25! 64  5/13  3810/12  ]  0  5/25  20 
6/25  64  16/24  67  32/49  6fi  10/25  4011/25  4 11/50  22 
6/12  50  8/13  62  14/25'  56  4/12  33[1/13  8  5/25  20 
9/13  69  3/12  25  12/25  48  4/13  3110/12  ]  0  4/25  16 
5/25  60  tl/25  44  26/50] 62  8/25  3211/25[  4  9/50  18 
* S/I, survivors/infected  in tesL 
:~ %S, per cent survivors. 
ation  was  reversed,  with  diet  191  exhibiting  a  survival  rate  3.9  per  cent 
greater, although for a dose of 10,000,000 bacteria the survival rate on diet 100 
was 8.7 per cent greater than that on diet  191.  A  statistical  analysis shows 
that these apparent differences may not be real and, especially in the instance 
of dose 100,000, it is permissible to consider that the natural resistance of the 
populations on the two diets is the same.  Thus, for a  null hypothesis, P  > 
0.5  in  the  dose  100,000  series,  and  P  >  0.1  for the  dose  10,000,000  series. HOWARD  A.  SCHNEIDER  311 
The importance of these findings is much increased when these experiments 
are compared with similar ones previously reported (1), in which for similar 
dosages and attack rates, survival on diet 100 was approximately 25 per cent 
greater than on diet 191.  It became necessary to explain why dietary differ- 
ences  in  natural  resistance  demonstrable  at  one  time  failed  to  appear  at 
another time.  There was, of course, one obvious event which was correlated 
with  this new state  of affairs.  This event was  the manipulation  to which 
the S.  enteritidis population had been subjected, that is, mouse passage and 
the picking of a  single  colony.  This manipulation  may have had  at  least 
one or the other of two possible effects: (1)  The elimination of a  particular 
fraction of the original MT-1 population which was particularly responsible 
TABLE II 
Summary of Table I 
Dose: 100,000  Dose: 10,000,000 
Diet  Sex 
100 
191 
Sub~oup 
S/I*  %S~ 
o  ~  23/34  67.6 
9  27/39  69.2 
Total..  50/73 68.5 
O  ~  25/36  69.4 
9  28/38  73.7 
Total.  53/74 71.~ 
Subgroup  Group  total 
B 
s/1%s  s/I  [ %s 
C-rand totals 
25/3865.8  48/72  66.7 
19/3652.8  46/75  61.3 
i4/7459.5  94/147 63.$ 
27/3069.2 52/75  69.3 
21/3658.3 ~  49/74  66.2 
48/75 64.(1!101/149 87.8 
Sub~oup  :l  SubgrouPB 
I snl~os  sn 
I--I 
] 9/351 25.7 
!19/401 47.s 
28/75[ 37.3 
6/36  16.7 
10/39  25.6 
16/751 21.3 
%S 
7/38 18.4 
7/36 19.4 
14/74 18.9 
12/39 30.8 
1/35  2.9 
13/74 17.6 
Group total 
S/I  1%S 
26/76  [34.2 
42/1491~8.~ 
18/75  24.0 
11/74  14.9 
29/149 19.5 
* S/I, survivors/infected in test. 
~%S, per cent survivors. 
for the dietary effect, or (2)  the simplification of the composition of the MT-1 
population in the sense that  the new MT-1-A population would tend to be 
quite  uniform because  of its  recent common descent and  represent only a 
single random sample  of the  original MT-1  population.  If the first hypo- 
thetical effect, the loss of a  unique strain, was responsible for the loss of the 
dietary effect, then it would follow that the dietary effect itself was  a  special 
event associated with this unique strain.  There would be little point in such 
a case to pursue these investigations further. 
However, there remained the second possibility that the loss of the dietary 
effect was due to the uniform nature of the new MT-1-A population.  Ac- 
cording to this hypothesis the important event in  the manipulation  of the 
original MT-1 population was not the loss of a particular kind of S. entgritidis 
cell, but the loss of the array of variation of S. enteritidis ceils.  This hypoth- 312  HOST  NUTRITION  AND  NATURAL  RESISTANCE  TO  INFECTION.  II 
esis draws upon the fact, well known in bacteriology, that unless subjected to 
continual selective action, bacterial populations upon continued culture tend 
to  become  aggregations  of  many  variants  which  the  particular  species  is 
capable of producing, probably by mutation.  The first step in  testing this 
hypothesis was to find a population of S. enteritidis which would again permit 
a  demonstration of the dietary effect on natural resistance.  This was done. 
The Dietary Effect Demonstrated with a Population of S.  enteritidis 
Obtained from a Mouse Carrier 
It occurred to us that probably the best place to look for a  population of 
S.  enteritidis  which  would  contain  an array of variation in  terms of ability 
to produce disease would be in a "natural" population of the bacteria as they 
existed in animals.  To this end a  search was made among the mice of the 
Rockefeller Institute stock which are known to carry S. enteritidis in an en- 
demic state.  These mice are maintained in a  colony for general use in  the 
Institute and it is separate and distinct from the stocks employed in our own 
investigations.  The search resulted in the isolation of the total S. enteritidis 
population  present  in  the  spleen  of a  healthy  carrier.  (See  Materials  and 
methods.)  This population  (MT-3),  it should be emphasized, was not sub- 
jected to any selection, other than that of the broth in which it was grown, 
nor were any colonies picked.  The  array of variation  was  thus  preserved 
to some extent.  The proof that cultures of MT-3 contain only S. enteritidis 
was therefore less rigorous than is customary, but the fact that carbohydrate 
fermentation reactions showed only the typical fermentation for S. enteritidis 
strengthened the case that MT-3 consisted wholly of S. enteritidis organisms. 
If MT-3 had an array of variation in its population  structure,  then pre- 
sumably it might serve to demonstrate the effect of diet on natural resistance. 
The  following  experiments  were  performed  to  test  this  point  and,  simul- 
taneously, to test a finding previously reported for the original MT-1 popula- 
tion; namely, that the superior natural resistance of the  whole wheat-whole 
dried milk diet was referable to the whole wheat whereas the whole dried milk 
contributed little or nothing (1). 
On three separate occasions samples  of 200 mice were taken from the cross-bred  stock colony 
of W-Swiss mice, divided, by litter and sex, into groups of 50.  (Each group of 50 was further 
divided into halves A and B.)  The four groups were housed according to previous procedure 
and fed the following diets for a period of 3 weeks: Group 1, diet  100; Group 2, diet 191; 
Group 3, diet 241 (diet 191 plus 66 per cent whole wheat at the expense of the glucose); Group 
4, diet 242 (diet 191 plus 66 per cent whole dried milk at the expense  of the glucose).  Growth 
records were kept.  Mter 3 weeks the  animals were allowed to ingest 100,000 MT-3 bacilli, 
as described in the previous experiments, caged separately, and continued on the diets.  The 
survival record 30 days after infection is presented in Table III, and summarized in Table IV. 
The results of these experiments are clear.  MT-3 demonstrated  the  supe- 
rior survival on diet 100 as compared with diet 191  (P <  0.001).  The magni- TABLE III 
Dietary Differences in Surd~al of W-Swiss Mice following Infection ~qth 100,000 S. enteritidis 
of Culture MT-8 
lg~X° 
peri- 
meat 
No. 
136 
Date 
,/12/ 
I  Diet 
100 
Diet description 
"Natural"  diet 
(whole wheat, drie, 
milk, and salt) 
1911 Basal, "synthetic" 
241!  Basal  plus  whole 
wheat, 66 per cent 
Basal plus dried milk 
66 per cent 
As above 
30 day survival 
* S/I, survivors/infected in  test. 
:~ %S,  per  cent  survivors. 
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tude of the difference, in the total of the three experiments,  28 per cent, com- 
pares  favorably with  the  25  per  cent difference  found  (1)  with  the  original 
MT-1 population at a similar dosage and attack rate.  It was further evident 
that  MT-3  resulted  in  a  confirmatory  demonstration  of  the  superiority  of 
whole wheat over dried whole milk in maintaining natural resistance; for the 
addition  of the former to the  "synthetic"  diet  (diet  241)  increased  survival 
rates by 54.7 per cent (P <  0.001), while the increase  of 5.6 percent conferred 
TABLE IV 
Summary of Table III 
Diet 
100 
191 
241 
242 
Diet description 
"Natural" diet  (whole 
wheat,  dried  milk, 
and salt) 
Basal, "synthetic" 
Basal plus whole wheat 
66 per cent 
Basal plus  dried  milk, 
66 per cent 
@ 
9 
Total... 
C 
9 
Total... 
C 
9 
Total... 
o" 
Total... 
Mean 
body 
Sex  weight 
at in- 
fection 
g~tt. 
[ 21.1 
17.9 
18.7 
17.6 
18.0 
16.7 
20.0 
18.5 
Subgroup A 
s/~__~_, 
22/36 
18/39 
4O/75 
10/36 
14/39 
24/75 
28/36 
35/39 
63/75 
10/34 
17/37 
27/71 
%S$i __ 
61.1 
46.2 
53.3 
27.8 
35.9 
32.0 
77.8 
89.7 
84.0 
29.4 
45.9 
38.0 
Subgroup B  [  Group total 
I 
s/T  ]  %s  i  SiT 
'  1 
Grand totals 
25/39  64.11 47/75 
19/,36  52.8  37/75 
44/751  58.7  84/150 
10/391 25.6  20/75 
8/361 22.2  22/75 
18/751 24.0  42/150 
33/391 84.6  61/75 
28/361 77.8  63/75 
61/751 81.3 124/150 
12/391 30.8  22/73 
10/361 27.8  27/73 
22/751 29.3  49/146 
%s 
62.7 
49 .'3 
58.0 
26.7 
29.3 
28.0 
81.3 
84.0 
82.7 
30.1 
37.0 
88.6 
* S/I, survivors/infected  in test. 
%S, per cent survivors. 
by  a  similar  addition  of dried  whole  milk  (diet  242)  was  not  a  significant 
rise  (P >  0.3). 
Failure to Demonstrate  the Dietary Effect by Use of a Culture Freshly 
Derived from a Single Colony Picked at Random from a Dilution 
Plate of the Parent MT-3 Population 
It will be recalled that no dietary effect on natural resistance could be dem- 
onstrated by the use of a culture derived from a freshly isolated single colony, 
as described earlier in this paper.  The opportunity was now at hand to test 
whether this was due to loss of the heterogeneity which the originally saris- 
factory culture of MT-1 possessed.  With a new satisfactory culture  (MT-3) 
at hand a single colony was picked for culture to learn whether the same finding HOWARD  A.  SCHNEIDER  315 
would be obtained, namely, failure to demonstrate by means of it a  dietary 
difference in natural resistance. 
200 weanling mice were taken from the cross-bred W-Swiss stock and divided by littler and 
sex into the usual groups of 50.  2 groups were fed diet 100 and 2 groups diet 191.  After 3 
weeks the mice were removed to the  infection room and allowed to ingest the infecting culture 
described below.  The usual observation period of 30 days followed. 
18 hour broth subcultures, centrifuged and suspended in saline were fed at a dose of 100,000. 
One group each of diet 100 and diet 191 received the parent population, MT-3.  The remaining 
two groups of diets, 100 and 191 received a culture derived from a single colony from MT-3 
TABLE V 
Comparison  of a Single Colony  Culture  of S.  enteritidis  with the Parent Culture 
Dietary  Effect on Survival  of W-Swiss Mice 
in  Terms of 
Infecting culture 
MT-3-SC-A 
(Single cell descendants) 
Dose: 100,000 
MT-3 
(Parent population) 
Dose: 100,000 
~iet 
100 
191 
100 
191 
Sex 
o  ~ 
Total. 
C 
9 
Total. 
o  ~ 
9 
Total. 
C 
Total• 
Mean 
body 
weight 
at 
iafectior 
gm. 
21.9 
19.7 
20.2 • 
18.7 
21.9 
19.7 
20.2 
I  18.7 
"''l 
Subgroup  A 
S/I*  ~oS1 
5/13  38 
3/12  25 
8/25  32 
9/13  69 
3/12  25 
12/25  48 
9/13  69 
7/12  58 
16/25  64 
6/13  46 
5/12  42 
11/25  44 
Subgro 
s~ 
6/13 
3/12 
9/25 
6/13 
5/12 
11/25 
lO/13 
5/12 
15/25 
$/13 
3/12 
8/25! 
tp I  Group  total 
%.'  sit  ' %s 
46  11/261 42 
25  6/241 25 
36  17/501 84 
I 
46  15/261 58 
42  8/241 33 
23/501 4o 
77  19/26] 73 
42  12/24[ 50 
60  31/501 02 
38  11/26t 42 
25  8/24] 33 
32  19/50[ 88 
*  S/I,  survivors/infected  in test. 
%S,  per cent  survivors. 
prepared by pouring dilution plates of a broth culture of MT-3, fishing  a colony at random into 
broth from the 24 hour incubated plates, and repeating the process three times.  The third 
and final culture was used in the infection experiment.  The single colony culture prepared in 
this way was designated MT-3-SC-A. 
The survival record at the end of 30 days is reported in Table V. 
These findings demonstrated that when an organism is so cultured as pre- 
sumably to reduce its natural heterogeneity, the resulting strain of organisms 
may be unsuited to disclose the effect of diet on natural resistance.  As in the 
previous experiments, the parent population of S.  enteritidis  (MT-3) revealed 
the existence of a superior ability to survive on diet 100 (62 per cent survivors) 316  HOST  NUTRITION  AND  NATURAL  RESISTANCE  TO  INFEC~IONo  II 
over diet  191  (38 per cent survivors), a  difference in the present instance of 
24  per  cent  (P  <  0.01).  But  the  freshly  isolated  culture  (MT-3-SC-A), 
prepared with a view to the elimination of heterogeneity, though tested under 
identical conditions,  disclosed no such difference.  Actually survival on diet 
191 (46 per cent) was somewhat better than on diet 100 (34 per cent), but this 
difference was not statistically valid (P >  0.2). 
The experiment was repeated on two further occasions with the use of 400 
mice and two freshly isolated single colony cultures  (MT-3-SC-B and MT-3- 
SC-C)  prepared as,described above.  The results were the same.  The sur- 
vival rates for the groups infected with  the single cell cultures were respec- 
tively, diet I00, 42 and 35 per cent; diet 191, 44 and 50 per cent.  Again, in 
both experiments, the survival rate on diet  191  was actually slightly higher 
than that on diet 100  (P >  0.7; P  >  0.1). 
It was next shown that the disappearance of the dietary effect immediately 
following the selection of a single colony for culture could be demonstrated by 
culturing bacteria on solid medium as well as in fluid broth. 
The 200 animals for the experiment (Experiment 147) were prepared on diets 100 and 191 
and infected as usual.  The parent MT-3 culture was grown on the surface of broth agar 
plates by swabbing the plate surface with a suspension of the bacteria of such concentration 
that after 24 hours' incubation at 37°C., the plate was thickly populated with bacterial colonies, 
but so dispersed as to remain discrete.  The bacteria were harvested by emulsifying  in sterile 
saline.  The MT-3 culture was cultured for 3 successive passages in this manner just prior 
to use.  The single colony culture was prepared by pouring dilution plates of the parent MT-3 
culture, incubating, emulsifying  a single colony in a small amount of sterile saline, and spread- 
ing, by swab, on a poured broth agar plate.  After  24 hours of incubation the plate was har- 
vested for use.  The remainder of the experiment was performed in the usual way. 
The results again demonstrated a  diet difference (12 per cent) between the 
survival experience of mice on diet 100 and mice on diet 191, while the single 
colony culture brought out no dietary difference (0 per cent). 
The Synthesis of the Dietary El~ect on Natural Resistance 
The  foregoing  experiments  indicated  that  the  dietary  effect  on  natural 
resistance  was  a  function  of the  structure  or  composition  of the  infecting 
bacterial population.  It had been shown, by a process of analysis, that bac- 
terial cultures derived from single colonies, selected at random from a popula- 
tion of S.  enteritidis,  were incapable of permitting the  demonstration of the 
dietary effect, even though the original source population was quite capable 
of such  a  demonstration.  It is true,  however,  that  such  an analysis of an 
infecting population cannot be considered as proving the hypothesis advanced 
above of the decisive r61e of an array of variation in the infecting bacterial 
population.  Since the testing dose in the experiments is 100,000  cells, it would 
be necessary to test individually the  100,000  clones derivable from the  test HOWARD A,  SCItNEIDER  317 
dose before one could exclude the possibility that the desirable dietary effect 
of the parent  S.  enterilidis population  resided  in  one or a  few  unique  cells. 
Such a  rigorous test by analysis is patently impractical. 
However, another approach is possible, that of synthesis.  If the important 
aspect of an effective bacterial population is an array of variation of virulence, 
TABLE VI 
The Effect of Mixing Adrulent and Virulent Cultures of S. typhimurium  on the Demonstralion 
of the Diaary Effect on Survival of W-Swiss Mice 
Subgroup A  Subgroup  B  Group  total 
Infecting culture  Dose  Diet  Sex 
@ 
10~  9 
Total. 
TMO  100,000 
BA2-SC 1 
Mixed: 
BA~-SC 1 plus TMO 
i 
I 
i 
i '  100,000 
I 
[ 
I 
I 
I 100,000 
I 
! 
! 
i 100,000 
1 
191 
10C 
191 
10C 
191 
9 
Total. 
o* 
Total. 
@ 
9 
Total. 
c~ 
9 
Total. 
@ 
9 
Total. 
s/i*  %st  s/i  %s  s/i  i%s 
12/12  100  13/13  100  25/251 100 
13/13  100  12/12  100  25/25] 100 
25/25  100  25/25  100  50/50] 100 
i 
12/12  100  13/13  100  25/25i 100 
13/13  100  11/12  92  24/25;  96 
25/25  100  24/25  96  49/50 
7/12  58  12/13  92  19/25  76 
5/13  38  7/!2  58  12/25  48 
12/25  48  19/25  76  31/50  82 
5/11  45  6/13  46  11/24  46 
10/12  83  7/12  58  17/24  71 
15/23  65  13/25  52  28/48  58 
10/12  83  9/13  69  19/25  76 
13/13  10G  8/12  67  21/25  84 
23/25  92  17/25  68  40/50  80 
6/12  50  6/13  46  12/25  48 
9/13  69  6/12  50  15/25  60 
15/25  60  12/25  48  27/50  54 
* S/I, survivors/infected  in test. 
%S, per cent survivors. 
and not the presence of some special type of cell, then it should be possible to 
assemble,  or synthesize,  satisfactory  bacterial  populations  at  will  by  corn- 
billing and mixing several single populations, each of which is itself incapable 
of exhibiting a dietary effect.  The simplest example would be the mixing of a 
virulent and an avirulent population3  This has been done with virulent and 
=  "Virulent," possessing the power to kill, and "avirulent," lacking that power, are used in 
this paper in a relative, and not absolute sense; i.e., as compared, dose for dose. 318  HOST  NUTRITION  AND  NATURAL RESISTANCE TO  INFECTION.  II 
avirulent  cultures  of  a  second  species of Salmonella,  S.  typhimurium.  The 
experiment has not yet been performed with S. enteritidis since no avirulent 
cultures have come to hand.  However,  the extension of the experiments to 
include  the  immunologically distinct  S.  typhimurium  lends  support  to  the 
generality of the experimental hypothesis. 
The experiment was performed in the usual way and used 300 W-Swiss mice.  Half of the 
mice were fed diet 100, the other half diet 191.  At infection time samples of 50 mice of each 
100 
',,  x~vieuten~ (TMO) 
?5 
4--4 
~t~ulent  (2~/k~-~C_,  I) 
o 
,  •  l)iet  i00 
~-  ....  x  ,  191 
I  I  I  I  t 
0  5  10  J5  20  25  50 
~Day~ po~1;infection 
FIG. 1.  Survival of W-Swiss mice on diet 100 and diet 191  after infection,  per as, with 
100,1~ avirulent (TMO) or virulent (BA2-SC 1) S.  tyfl~imurium. 
diet were infected per os, with the following three bacterial populations: (I) Avirulent: dose 
100,000, culture TMO (see Materials and Methods).  (2) Virulent: dose 1C0,C(~0, culture BA2 
-SC  1.  A single  colony  culture  freshly  derived  frcm  the parent BA2 population.  (The 
parent population showed a dietary effect when received frcm Dr. Mackenzie and hence was 
judged to be heterogeneous.)  (3) Mixture 1:1:  dose 1C0,fC0 'IMO plus 1C0,CC0 BA2-SC I. 
Prepared by mixing the appropriate dilutions of the two saline suspended cultures. 
The 30 days' survival record of this experiment is recorded in Table VI, and graphically 
represented in Figs. 1 and 2. 
The  findings show  that  it is possible to  synthesize a  bacterial population 
which will bring out the effect of diet on natural resistance.  The  difference 
(2 per cent) demonstrated with the avirulent TMO culture is negligible (P > HOWARD  A.  SCHNEIDER  319 
0.99), and that disclosed with  the virulent BA,-SC  1 culture  (4 per cent) is 
likewise insignificant (P >  0.90), but the simple process of mixing these two 
cultures resulted in the revealing of a dietary difference of 26 per cent, which 
cannot be attributed to chance (P (0.001).  It is interesting to note that the 
survival rate experienced on the "synthetic" diet (diet 191) was about the same 
for the virulent culture  (BA2-SC  1)  and  for its  mixture with  the avirulent 
TMO (survivals of 58 and 54 per cent respective]y).  The dietary difference 
found its expression almost completely through a higher survival rate on diet 
100 
"/5 
50 
~5 
1'1 rnixt,  ut~e  -J 
vit'~tdent L~e-,.~)C  1) 
•  , Diet  100 
x----.x  ,  .191 
f  ,I  I  I  I  ..I 
0  5  10  15  20  25  30 
~Da)r~  po~tJnfection 
Flo. 2.  Survival of W-Swiss mice on diet 100 and diet 191 after infection, per os, with a 
1:1 mixture of 100,000 avirulent (TMO) and 100,000 virulent (BA~-SC 1) S. typhlmurium. 
100 when the mixed culture was used over that resulting when the pure viru- 
lent culture was used (see Figs. 1 and 2).  This argues that the effect of diet 
100 is to select from mixed culture more of the characteristic response of the 
avirulent TMO population. 
DISCUSSION 
In  these and preceding investigations we have tried to determine the cir- 
cumstances  under which  a  dietary effect on natural  resistance  to  infection 
could be demonstrated with statistical adequacy.  The results of the experi- 
ments have led to some conclusions which, on their face, might appear to be 320  HOST  NUTRITION  AND  NATURAL  RESISTANCE  TO INFECTION.  II 
at variance with classical laboratory tradition.  Thus, it has been found, that 
the host of choice in these experiments is the genetically heterogeneous host 
(1).  The present paper demonstrates that the bacterial culture of choice is 
the mixed culture.  AH this is not to argue that nutritional experiments with 
homozygous hosts  and  "pure"  cultures  of pathogens  are  not  valid  experi- 
ments, though such experiments, in our hands, have not revealed any effect of 
diet.  The rigid control of the host physiology by genetic means on the one 
hand, and the lack of plasticity in selection terms in the uniform pathogen 
population on the other, all militate against the effectiveness of an environ- 
mental agent such as diet. 
Host  -  fieno~yp~ 
Inbred, 
~elected, 
~e~ist(int 
~ondom  -  br-ed 
(outbr.ect) 
non-  ~elected 
Jni~ormly  ~one 
vi~ulen~ 
O 
O  viPulent  None  I)emoa~t~able 
and  71/I  effect y//~ 
o  o. ou oo. 
~  ~Unifo~"mly  None  None 
cvirulen~ 
~¢one 
Inbred, 
5elected, 
~u~ceptibl~ 
~ione 
:None 
~one 
Fro. 3. The biological  dimensions  of the dietary effect in natural resistance to infection. 
It would appear that the biological dimensions of the host-infection model 
which is capable of being influenced by nutrition necessitate a degree of plas- 
ticity, and if we would study these nutritional forces we must arrange for this 
plasticity  in  our  experimental  models.  These relationships  between  hosts 
and  pathogen  populations  can  be  represented  schematically  as  in  Fig.  3. 
From this figure it is obvious that there are nine different ways in which the 
three broad classifications of hosts can interact with the three main.types of 
pathogen.  A  host-pathogen model can be assembled for each of these nine 
and subjected to the effect of diet.  But from the standpoint of the "natural" 
diet  (diet 100) and the "synthetic" diet  (diet 191), there is only one model 
which reveals a difference.  That is the model in which a genetically hetero- 
geneous host meets with a population of bacteria composed of both virulent 
and avirulent cells.  In all other eight types of infection model the dietary HOWARD  A.  SCHNEIDER  321 
effect is nil.  Although the dietary effect is thus restricted to a single model, 
it does not follow that this is a restriction on the significance of such dietary 
effects for natural infections.  On the contrary, in the natural world it is just 
these elements of heterogeneity which undoubtedly occur with the greatest 
frequency.  The eight models on the rim of Fig. 3 are the frequent experience 
of the  world of the  classical infection laboratory.  It  may well be  that  to 
redraw  Fig.  3  for the  natural  world would be  to increase  the  central area 
markedly  and  decrease  the  marginal  areas  to  small  dimensions.  In  other 
words it is precisely in the natural world that nutritional forces are important 
in the outcome of infectious events and the attempt to study these affairs in 
the laboratory demands  a  kind  of experimentation which  is not  ordinarily 
practiced. 
But what of the magnitude of the dietary effect when it manifests itself in 
the way  dealt with  in  the present paper?  The greatest effect noted,  with 
W-Swiss mice and two species of Salmonella, resulted in a difference of 25 per 
cent in the survival rate.  Although this is not a minuscule difference for the 
student of populations, the experimenter would wish for greater differences 
to facilitate the biochemical study of the active nutritional factors.  The fact 
that  two  different populations  of Salmonella  showed  dietary  difference of 
approximately the same magnitude suggests that this di~fference is limited by 
the frequency of the appropriate genotype in the W-Swiss mouse populations 
used.  Another limitation may be the limitation of the genotype range of the 
pathogen in terms of virulence.  The bacterial populations used in these ex- 
periments  were  laboratory  cultures.  Apparently  the  classical  laboratory 
culture of Salmonella contains, in most cases, cells capable of producing dis- 
ease and  death  in  mice.  But  bacteriology has  not  as yet learned how  to 
select and cultivate cells of this genus which do not produce disease, yet can 
compete in the natural world with those that do.  The experiments reported 
here suggest that dietary factors in the nutrition of the host are influential 
items in  the environment of that  silent world in which host and pathogen 
live amicably side by side. 
SUMMARY 
The property of a  diet of whole wheat and whole dried milk to promote a 
higher survival rate among a  stock of heterogenetic, outbred W-Swiss mice 
subjected to S. enteritidis infection, over that promoted by a "synthetic" diet, 
has been shown to be a function of the infecting bacterial population. 
Broth cultures so prepared as presumably to yield S. enteritidis organisms of 
uniform character have consistently failed to reveal an effect of diet on natural 
resistance,  even though  the parent  bacterial populations revealed a  dietary 
effect. 
The  dietary  difference effect on  natural  resistance  could not  be  demon- 322  HOST  NUTRITION  AND  NATURAL  RESISTANCE  TO  INFECTION.  II 
strated with an avirulent culture of S. typhimurium,  or with a freshly prepared 
virulent culture of S. typhimurium presumably uniform in character. 
The dietary effect on natural resistance was demonstrated by employing a 
1 : 1 mixture of avirulent and virulent cultures of S. typhimurium. 
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